The accurate description of van der Waals forces within density functional theory is currently one of the most active areas of research in computational physics and chemistry. Here we report results on the structural and energetic properties of graphite and hexagonal boron nitride, two layered materials where interlayer binding is dominated by van der Waals forces. Results from several density functionals are reported, including the optimized Becke88 van der Waals (optB88-vdW) and the optimized PBE van der Waals (optPBE-vdW) (Klimeš et al 2010 J. Phys.: Condens. Matter 22 022201) functionals. Where comparison to experiment and higher-level theory is possible, the results obtained from the two new van der Waals density functionals are in good agreement. An analysis of the physical nature of the interlayer binding in both graphite and hexagonal boron nitride is also reported.
Introduction
Recent years have seen a surge of interest in understanding the role of van der Waals (dispersion) forces in chemistry, physics, and materials science. It has long been recognized that dispersion forces are fundamental for the stability of DNA and protein structures [1, 2] , but they are also present in solids [3] [4] [5] and it has been found that an accurate description of dispersion forces is needed in processes like adsorption [6] [7] [8] and molecular self-assembly [9] . The fervent research into van der Waals dispersion forces is also driven by a desire to overcome the challenge they represent for theoretical approaches based on density functional theory (DFT) [10, 11] . Indeed, several schemes within DFT have now been proposed that account for dispersion in one way or another [12] [13] [14] [15] [16] [17] [18] [19] [20] . Although the accuracy of these methods has been established in many circumstances-particularly for purely van der Waals bonded systems-how they perform in the description of systems where both strong (covalent and ionic) and weak (van der Waals) bonding is involved is less clear.
Of the various schemes available for accounting for van der Waals forces within DFT, we concentrate here mainly on the class of functionals based on the non-local van der Waals functional of Dion et al [16] . The original Dion et al exchange-correlation functional, generally known as vdW-DF, is defined as:
where E revPBE (x) [n] is the exchange energy obtained with the revPBE functional [21] . E LDA(c) [n] is a local-density approximation (LDA) correlation and E nl (c) [n] is a non-local correlation term which captures (approximately) van der Waals interactions. In 2010, Lee et al proposed a new version of vdW-DF, known generally as vdW-DF2 [22] . This version uses a modified Perdew Wang 86 (PW86) [23, 24] exchange functional and a modified gradient dependence of the non-local correlation energy. To improve upon the original vdW-DF, Klimeš et al developed the optimized Becke88 [25] van der Waals (optB88-vdW) and the optimized Perdew-Burke-Ernzerhof (PBE) [26] van der Waals (optPBE-vdW) [27] functionals, which differ from the Dion et al functional only in the exchange term. Specifically, in the optB88-vdW a reparametrized version of the Becke88 exchange functional is used in (1) and in the optPBE-vdW functional a modified PBE functional is used in (1) . These alternative exchange functionals were obtained by fitting to the S22 dataset [27] (a benchmark set of weakly bonded dimers for which structures and energies have been accurately determined) and in so-doing much improved interaction energies over the original vdW-DF of Dion et al were obtained. The optB88-vdW and optPBE-vdW functionals have by now been shown to perform well on a wide variety of gas phase clusters, solids and adsorption problems [3, 6, [27] [28] [29] [30] [31] . However, considerably more work is required to establish how widely applicable and generally useful these functionals are, particularly for condensed matter systems.
Here we report the results of DFT calculations on graphite and hexagonal boron nitride (h-BN) to evaluate the performance of several exchange-correlation functionals and to understand and compare the nature of the interlayer binding in the two materials. Graphite and h-BN are interesting materials to compare because, despite their different chemical composition, their interlayer spacings are essentially the same, but why this is so is not completely understood. Furthermore, their anisotropic nature, with strong covalent intralayer bonds and much weaker interlayer bonds, dominated by van der Waals interactions, makes them challenging and intriguing materials to explore with theory. This anisotropy is, of course, also key to many of the technological applications (e.g. lubrication [32] , batteries [33] , or gas storage [33] [34] [35] [36] [37] ) of these soft layered materials.
Graphite and h-BN have been widely examined before with theoretical methods and are increasingly being considered as model benchmark systems against which new methods are tested [19, [38] [39] [40] [41] [42] . By now, it is largely recognized that the PBE functional within the generalized-gradient approximation (GGA) fails to reproduce any significant interlayer bonding and that LDA gives bulk properties that are closer to experiment [38] [39] [40] [41] 43] . However, the superior performance of LDA in this regard is known to be fortuitous, as LDA relies on a local description of exchange and correlation and does not account for non-local interactions. Several of the functionals developed to give a more accurate treatment of van der Waals forces, (e.g. the approaches based on C 6 corrections to DFT [18, 44] and vdW-DF and vdW-DF2) have already been applied to graphite and h-BN and do, on the whole, offer improved performance [15, [44] [45] [46] [47] [48] . Also, highly expensive approaches based on the random phase approximation (RPA) [49] and quantum Monte Carlo (QMC) have been applied, yielding interlayer binding energies in good agreement with experiment [19, 42, 50] .
In the following we present results obtained with the optB88-vdW and optPBE-vdW functionals as well as several others (LDA, PBE, PBE with the empirical dispersion correction of Grimme [51] and vdW-DF2) for the description of the intralayer and interlayer binding of graphite and h-BN. We also bring together results from a variety of other functionals and theoretical methods so that a clear picture of the current state of the field can be obtained. Moreover, a brief analysis of the nature of the interlayer bonding in both materials is presented. In section 2 details of the computational setup are provided. Following this, in section 3 the main results are reported and in section 4 we close with a discussion and some conclusions.
Methods
The DFT calculations have been performed with the periodic plane-wave basis set code VASP 5.2 [52] [53] [54] and six different exchange-correlation functionals, namely, LDA, PBE, PBE with an empirical dispersion correction of Grimme (DFT-D2), vdW-DF2, optB88-vdW, and optPBE-vdW. The calculations with the vdW correlation functional have been carried out self-consistently using an implementation [3] of the vdW-DF method [16] in VASP with the scheme of Román-Pérez and Soler [55] .
Projector-augmented-wave [56] (PAW) potentials have been used, with LDA-based PAW potentials for the LDA calculations and PBE potentials for the PBE and all the various vdW-DF based calculations 4 . All results reported have been obtained with hard potentials using a very high (900 eV) plane-wave cut-off 5 .
Two-atom unit cells of height 7Å were used to calculate bond lengths and bond strengths within the isolated two-dimensional graphite or h-BN layers. The unit cells used to calculate the interlayer distances in bulk graphite and h-BN contained two AB-stacked layers. Periodic boundary conditions have been applied and thus the two layers in the unit cell are representative of the entire periodic crystal. The interlayer distance was changed by varying the cell dimensions along the z-axis over the range 5-14Å. The h-BN calculations were also performed using an AA stacking sequence where boron and nitrogen were placed on top of each other. We used a Monkhorst-Pack k-point grid of 24 × 24 × 2 per (1 × 1) unit cell for graphite and 8 × 8 × 2 per (1 × 1) unit cell for h-BN, which ensured that bond lengths 4 For the calculations with the optB88-vdW functional we used both LDA and PBE potentials and found that the bond lengths and energies obtained differed by <0.001Å and <1 meV, respectively. This suggests that for the systems considered here, it is not necessary to generate new PAW potentials for the various vdW-DFs. The vdW-DFs treat the exchange-correlation energy as defined by (1) where the first two terms, the exchange and LDA correlation energies, are calculated considering all the electrons within the PAW method as in the PBE calculations. While the last term, the non-local correlation energy, is calculated within a pseudopotential approximation, it has been shown to represent a valid approximation on a wide range of systems [3] . 5 In keeping with our desire to provide well-converged results, we note that these settings are somewhat extreme. Tests with standard PAW potentials and a 600 eV cut-off yielded very similar results. Specifically, differences in calculated distances were ±0.002Å and differences in calculated energies were ±0.02 eV for the atomization energy and ±2 meV for the interlayer binding when normal and hard PAWs were compared. Figure 1 . Binding energies as a function of interlayer distance in graphite. The discrete computational data (symbols) have been fitted to the potential: E = a 0 exp(−b 0 x) + e 0 /x 4 . 6 As the LDA considers atomic attraction to be dependent on electron-density overlap, the LDA fit (dark blue line) shows that the 1/x 4 asymptotic behavior is not recovered. Better agreement is obtained when the second term is replaced by a 1 exp(−b 1 x) (dashed dark blue line). Experimental values are taken from [59] for the interlayer distance and from [57] for the energy.
and energies were converged to within 0.01Å and 1 meV, respectively.
Atomization energies (E atom ) are defined as
where E lay is the total energy of a single layer of graphite or h-BN in the two-atom unit cell, and E isolated is the total energy of the isolated atoms in the gas phase. The energies of the isolated atoms were obtained from spin-polarized calculations in a 12 × 14 × 16Å 3 box with -point sampling of k space.
The interlayer binding energies of the bulk materials have been calculated by subtracting twice the energy of an isolated monolayer of graphite or h-BN (E lay ) from the energy of a graphite or h-BN bulk slab (E bulk ) and dividing this value by the total number of atoms (N) in the unit cell:
As a result of the periodic boundary conditions, the calculated interlayer binding energy represents the energy difference per layer between the bulk and the isolated layers. Hanke [48] and Björkman et al [5] have shown, based on additivity arguments, that the interlayer binding energy is equivalent to the exfoliation energy. The latter is the energy required to take off the top layer from the material surface as measured by Zacharia et al for graphite [57] . The effects of zero point energy (ZPE) on the interlayer binding energy and interlayer spacing have been estimated by considering a first-order harmonic correction to the interlayer Figure 2 . Binding energies as a function of interlayer distance in hexagonal boron nitride with the AA stacking. The discrete computational data (symbols) have been fitted to the potential:
4 (see footnote 6). As the LDA considers atomic attraction to be dependent on electron-density overlap, the LDA fit (dark blue line) shows that the 1/x 4 asymptotic behavior is not recovered. Better agreement is obtained when the second term is replaced by a 1 exp(−b 1 x) (dashed dark blue line). The experimental value of the interlayer distance (indicated by the vertical line) is taken from [67] .
potential energy. In this case, the ZPE is simply given by half the characteristic vibrational frequency. This ZPE contribution is added to the total dissociation energy which assumes static (i.e., infinitely heavy) atomic nuclei. The displacement due to ZPE motions has been estimated by calculating the average distance of the ZPE level on the binding energy curves reported in figures 1 and 2. Overall, as shown in tables 2 and 4, ZPE effects are small in these systems ( 5 meV and 0.05Å on interlayer binding energies and distances, respectively) and insensitive to the functional used.
The elastic constant in the c-direction (C 33 ) has been calculated for both materials from the second derivative of the interlayer binding curve with respect to interlayer spacing c using:
Here, c 0 is the interlayer distance corresponding to the minimum, √ 3a 2 0 is the area of the unit cell, and E is the total energy. Table 1 reports results for the C-C bond length and atomization energies for a single layer of graphite (graphene) obtained with the various functionals used in this study. From table 1 it can been seen that all functionals considered give similar values for C-C bond lengths, 1.41-1.42Å, in very good agreement with experiment. Turning to the atomization energies, LDA substantially overestimates the atomization energy by almost 20%, in line with previous calculations [38] . The other functionals offer much better agreement with [60] experiment, coming within about 5% of the experimental value. The optB88-vdW functional performs particularly well in this regard, predicting an atomization energy essentially the same as the ZPE-corrected experimental value of −7.5 eV/atom. The experimental interlayer spacing of graphite is well established at 3.33Å [59] . The interlayer binding energy (exfoliation energy) is less well established and has been estimated to be −52 ± 5 meV/atom from extrapolations based on temperature-programmed desorption experiments of polycyclic aromatic hydrocarbons from the basal plane of graphite [57] . Accurate explicitly correlated electronic structure techniques (QMC [42] and RPA [19] ) agree well with the experimental interlayer spacing (table 2) and predict interlayer binding energies which straddle the experimental value (−48 to −56 meV/atom), suggesting that the estimated experimental value is reasonable. The results for graphite interlayer distances and interlayer binding energies obtained with the various functionals considered in this study are reported in table 2 and figure 1. These show, as seen in previous work, that PBE gives essentially no binding between the layers, except for a very shallow minimum (∼2 meV/atom) at around 4Å. Fortuitously, LDA predicts a binding energy minimum in good agreement with the experiment (3.31Å). However, the binding energy is underestimated (−20 meV/atom) and the energy incorrectly decays exponentially as the layer separation is increased (figure 1), since LDA does not take explicit account of long-range interactions. Turning now to the functionals which account for dispersion, clear improvements are observed. DFT-D2 reproduces very well the interlayer binding energy, predicting a value of −55 meV/atom, but slightly underestimates the interlayer distances by ∼3% (3.21Å). vdW-DF2 also predicts the interlayer binding energy minimum in good agreement with experiment (−48 meV/atom), but overestimates the [68] interlayer spacing by ∼6% (3.54Å) in our calculations. The optB88-vdW functional gives both an interlayer distance and binding energy in reasonable agreement with experiment: 3.36Å and −65 meV/atom, respectively. Still better agreement is obtained with optPBE-vdW for the binding energy (−60 meV/atom), but in this case the interlayer distance is overestimated by ∼5% (3.46Å). In previous vdW-DF calculations, using either the original Dion et al version of vdW-DF or vdW-DF2, good values for the interlayer energy were obtained but the interlayer distances were overestimated by about 0.2Å [45] and 0.1Å [46, 62] , respectively, and in line with our results obtained with vdW-DF2. Hence, we found here that the optB88-vdW and optPBE-vdW functionals offer a slight improvement over previous vdW-DF calculations. Likewise for this system, the new vdW functionals outperform the Tkatchenko-Scheffler (TS) correction scheme, which although often very accurate, predicts a large interlayer binding energy of −85 meV/atom. In addition, the elastic constant in the c-direction, C 33 , has been calculated for each functional (except for PBE for which essentially no binding is obtained). The results in table 2 show that all functionals predict a value within ±4 GPa of experiment (36 ± 1 GPa) [60] . Particularly good is the performance of the DFT-D2 and optB88-vdW functionals which yield values of 36 and 38 GPa, respectively. Let us now turn to h-BN and consider how the various functionals perform for B-N bond length and atomization energies, and then interlayer binding. Table 3 reveals that, as with graphite, all functionals give values for the B-N bond length (∼1.45Å), in very good agreement with experiment [65] . From the computed atomization energies, LDA gives a slightly large value (−8.0 eV/atom) in line with previous LDA calculations [63] and vdW-DF2 slightly underestimates this energy. All other functionals give similar atomization energies of around −7.0 eV/atom.
Results
Concerning interlayer distances, the experimental value is the same as graphite, 3.33Å [67] . For the interlayer binding energy, experimental values are not available; however, some preliminary considerations can still be made. The results for h-BN interlayer distances and interlayer binding energies calculated with the functionals considered in this study are reported in table 4 and figure 2 . The results show that, as with graphite, PBE does not reproduce any binding between layers, except for a negligible minimum (∼ −2 meV/atom) at around 4Å. LDA gives better results than PBE since it predicts a clear interlayer binding minimum of −28 meV/atom at 3.1Å. vdW-DF2 predicts an interlayer binding energy in the same range as for graphite but, as in the case of graphite, overestimates the interlayer spacing by ∼5%. The optPBE-vdW and optB88-vdW functionals reproduce interlayer distances in good agreement with experiment, ∼3.3-3.4Å, and the calculated interlayer binding energies obtained are around 60-65 meV/atom. Quite large values for the binding energy are also obtained in our DFT-D2 calculations, ∼ −80 meV/atom, and a rather poor interlayer separation of 3.08Å is obtained. Indeed the interlayer binding energy predicted by DFT-D2 is almost 20 meV larger than it is for graphite. This is inconsistent with the other approaches (all the vdW-DFs and PBE-TS) and due to the particular choice of C 6 coefficients used in the DFT-D2 scheme, as discussed in section 4. Our computed binding energies cannot at this point be compared to experiment but they can, of course, be compared to previous theoretical work with vdW-corrected DFT approaches. This reveals that the values obtained sit roughly in the middle of a broad range which extends from −26 to −86 meV/atom. The −26 meV/atom value comes from the vdW-DF for layered materials introduced in [15] . This appears to be an unrealistically low value for the binding energy since it is similar to LDA and also associated with a large interlayer spacing of 3.6Å. The vdW-DF and vdW-DF2 functionals also predict rather large interlayer spacings of 3.54 and 3.44Å, respectively, with interlayer binding energies both of −51 meV/atom, in line with our calculations performed with the vdW-DF2 functional. At the upper end of the range is the PBE-TS scheme. It seems likely that, as was the case with graphite, this functional slightly overestimates the interlayer binding energy. However, the interlayer spacing predicted by PBE-TS coincides exactly with the experimental value.
Also for h-BN, the C 33 constant has been evaluated (table 4). In this case the spread of results for each functional is larger than we saw for graphite. LDA performs particularly well, predicting a value in very good agreement with experiments. The DFT-D2 functional, that performed very well for graphite, predicts a C 33 (55.0 GPa) ∼70% larger than experiment (32.4 GPa) [68] . The optPBE-vdW and the vdW-DF2 functionals predict values about 4 GPa smaller than experiment while optB88-vdW predicts a value 2 GPa larger.
Discussion and conclusions
It is interesting at this stage to compare the values obtained for the interlayer binding energy of graphite and h-BN. Looking at the results from all the functionals considered in this study and in previous work, almost all predict that the interlayer binding energy of graphite and h-BN is the same to within a few meV. The exception is the DFT-D2 approach which, because of the larger average C 6 coefficient of boron and nitrogen compared to carbon 7 , predicts an interlayer binding energy ∼30% larger for h-BN compared to graphite. The interlayer separation predicted by DFT-D2 for h-BN is also considerably shorter than the values obtained from the other functionals and so it looks likely that DFT-D2 is overestimating the interlayer h-BN interaction. Since all the other approaches predict such similar interlayer binding energies, it is interesting to consider why this is the case. To this end we decomposed the various contributions to the interlayer binding energies obtained from optB88-vdW. Specifically we decomposed the interlayer binding energy, E inter(tot) , into:
where E local(c) is the local correlation contribution to the total interlayer binding energy, E nl(c) is the non-local correlation energy to the binding energy and E rest is the remaining contribution to the binding energy coming from all other components of the Kohn-Sham energy. The results obtained from this decomposition for the optB88-vdW functional at an interlayer separation of 3.3Å are reported in figure 3 . The first thing to note from figure 3 is that all the components of the total energy are very similar and that there are no dramatic differences between the two materials in terms of 7 The relevant C 6 coefficients in DFT-D2 are: C B 6 = 3.13, C C 6 = 1.75, C N 6 = 1.23 (see [51] ). This leads to a C BN 6 coefficient ∼10% larger than C CC 6 , which agrees very well with the observed 9 meV difference between interlayer binding energies of graphite and h-BN. In contrast, the optB88-vdW and optPBE-vdW functionals reproduce almost the same interlayer binding energy for both materials. We therefore compared the non-local corrections for graphite and h-BN obtained with the optB88-vdW functional with the D2 corrections for both materials. The non-local corrections for graphite and h-BN are E nl c (G) = 116 meV and E nl c (BN) = 110 meV, respectively. In order to compare these values with the D2 corrections, DFT-D2 calculations with the LDA correlation energy have been performed since the non-local correction contains some PBE-like semilocal correlation (see equation (1)). We observed also in this case that the D2-correction for h-BN is ∼9 meV larger than that for graphite, while the van der Waals scheme produced non-local corrections ∼6 meV smaller. the overall bonding decomposition. Looking more closely, however, we see that the local correlation energy contribution is almost the same for both graphite and h-BN (∼1 meV larger for h-BN) while the non-local correlation energy is ∼6 meV more negative (i.e., more attractive) for graphite than for h-BN. On the other hand, the rest of the energy where the exchange and the electrostatic contributions are included is ∼8 meV larger for graphite (i.e., more repulsive). Although all these energy differences are small, it is clear therefore that graphite and h-BN have similar interlayer binding energy because the stronger electrostatic interaction of h-BN (due to the polarity of the material) is compensated for by the stronger dispersive interaction in graphite. This analysis is consistent with the excellent recent studies reported by Hod [74] and Björkman et al [5] , which found similarities in interlayer binding energies for a large class of layered materials. In agreement with our analysis, this was attributed to a balance between repulsion and attractive interactions.
Finally, to conclude, we have presented results from a range of exchange-correlation functionals for the binding in graphite and h-BN. This has included results from the new optB88-vdW and optPBE-vdW functionals and a comparison with previous dispersion-corrected DFT studies on graphite and h-BN. Overall we conclude that the optB88-vdW and optPBE-vdW functionals provide a fairly computationally inexpensive means (e.g., compared to PBE, the calculation of bulk graphite takes ∼24% more time) of obtaining reasonably accurate interlayer and intralayer structural and energetic properties for both graphite and h-BN. These functionals offer better performance than the original vdW-DF of Dion et al for graphite and h-BN. An improved agreement with experimental values has been obtained especially in the description of structural parameters, intralayer bond lengths and interlayer spacings. Recent studies have found that these improvements also apply to graphene interacting with metal surfaces and for bulk metals [3, 69, 70] . This, along with previous work with the optB88-vdW and optPBE-vdW functionals [3, 6, [27] [28] [29] [30] [31] , suggests that a much broader range of systems can now be tackled with confidence with these functionals. There is, of course, much scope for improvement with regard to dispersion-corrected DFT studies of metals and semi-metals, in particular in understanding the role of many-body correlation [71] [72] [73] . Despite the obvious differences, we see here that graphite and h-BN have similar interlayer spacings and interlayer binding energies. Our analysis of the various contributions to the interlayer binding energy reveals that this results from a cancelation of two terms. The polar nature of the h-BN means that the electrostatic contribution to the binding energy is more favorable than in graphite, an effect which is compensated for by the slightly greater dispersive contribution to interlayer binding in graphite. It will be interesting to see if a similar compensation of electrostatic and dispersion applies to the absorption of small molecules within graphite and h-BN. Work in this area, which may be relevant to hydrogen storage, is currently ongoing.
